Movl3 mice carry a provirus that prevents transcription initiation of the al (I) collagen gene. Mutant mice homozygous for the null mutation produce no type I collagen and die at mid-gestation, whereas heterozygotes survive to adulthood. Dermal fibroblasts from heterozygous mice produce -50% less type I collagen than normal littermates, and the partial deficiency in collagen production results in a phenotype similar to osteogenesis imperfecta type I (an inherited form of skeletal fragility). In this study, we have identified an adaptation of Movl3 skeletal tissue that significantly improves the bending strength of long bone. The adaptive response occurred over a 2-mo period, during which time a small number of newly proliferated osteogenic cells produced a significant amount of matrix components and thus generated new bone along periosteal surfaces. New bone deposition resulted in a measurable increase in cross-sectional geometry which, in turn, led to a dramatic increase in long bone bending strength. (J. Clin. Invest. 1993. 92:1697-1705
Introduction
Bone is a living composite material. There are estimates that normal bone is subject to an average of 1 x 106 cyclic loads per year ( 1 ) . The ability to withstand the transmission ofmechanical loads reflects (a) the nature, amount, and organization of the normal mineral and protein constituents of bone; (b) the way in which these constituents interact during mechanical loading; and (c) the ability ofbone cells to adapt these constituents to change (2) . Type I collagen contributes to the loadbearing capacity of skeletal tissues by assembling into ordered fibrils that associate with plate-shaped crystals of carbonate apatite (3) . However, the intrinsic and extrinsic mechanical forces generated during load transmission and the interactions that take place between the collagenous extracellular matrix and apatite mineral are not well understood. As such, our understanding oftype I collagen's contribution to the mechanical function of the skeleton is incomplete. Precise understanding ofthis role is important, given the abundance oftype I collagen in skeletal tissues and the fact that naturally occurring mutations in type I collagen genes lead to inherited connective tissue diseases, such as osteogenesis imperfecta, that are characterized by profound skeletal fragility (4) .
To further examine type I collagen function during load transmission, we have altered collagen gene expression in transgenic mice. Central to this work is the Mov 13 strain, which carries a provirus that completely prevents transcription initiation of the murine a 1 (I) collagen gene in all cells except embryonic odontoblasts and -5% of embryonic osteoblasts (5) (6) (7) (8) . (Regarding the latter, a 1 (I) collagen mRNA from the mutant allele is expressed only for a short period oftime before the onset of retroviral gene transcription. Virus transcription, which is initiated at about day 16 of development, appears to effectively extinguish any further a 1 (I) collagen transcription.) Mice homozygous for the null mutation produce no type I collagen and die at mid-gestation (9) , whereas heterozygotes survive to young adulthood. Dermal fibroblasts from heterozygous mice produce -50% less type I collagen than normal littermates ( 10, 11) . The partial deficiency in gene expression results in a 50% decrease in tissue collagen content, progressive hearing loss, and alterations in the mechanical properties of long bone (11) . The heterozygous Mov 13 mouse therefore serves as a model of the human inherited connective tissue disease osteogenesis imperfecta type I (01 type I).' Load-deformation curves from a previous study ( 11) indicated that the Mov 13 mutation increases the brittleness and decreases the strength of long bone. However, a mixed population of specimens-taken from female animals at different ageswere evaluated, and this aspect of the study design may have contributed to the relatively large standard deviations that were observed. To better control for the potential effects of gender and age, we recently conducted a study that used male mice only and evaluated the mechanical properties, as defined in Table I , offemur specimens from animals at 8 and 15 wk ofage ( 12) . The study groups included a series of transgenic animals with one, two (i.e., normal), or three functioning a I (I) collagen genes. In agreement with previous results ( 11) , long bone specimens from Mov (f) four-point bending tests to failure-destructive mechanical test designed to quantify mechanical (pre-and post-yield) behavior of a structure when subjected to four point bending.
(g) compliance-the inverse of stiffness; a measure of the amount of elastic deformation a structure undergoes when subjected to a given load.
(h) moments of inertia-a measure of the geometric resistance of a structure to loading.
(i) Young's modulus of elasticity-a measure of the amount of elastic strain a material undergoes given an applied stress.
plastically deform. Taken together, these results suggest that type I collagen contributes to the normal ductile behavior of bone tissue, a result that has important implications for the fatigue and the failure properties of vertebrate long bone.
In the course of this work, we identified a skeletal adaptation that results in an unexpected increase in the strength of Movl 3 long bone. We demonstrate in this paper that the adaptation is mediated by cortical bone cells that synthesize, de- posit, and mineralize a significant amount of new bone along periosteal surfaces. Moreover, the increase in cross-sectional geometry leads to a dramatic increase in mechanical integrity. This effect of the adaptive response may be explained by a well established relationship between the macroscopic structure of bone and its mechanical function.
Methods
Animals. Only male mice were used in this study. As determined by pathological examination at the time of death, Movl3 mice that developed retrovirus-induced leukemia (5) were excluded from study. Independent femur specimens were obtained from cohorts of Mov 13 mice and (C57 BI/6) wild-type littermate controls at 8 and 15 wk of age.
Determination of the failure load properties in bending of whole cortical bone. Whole bone four-point bending tests to failure were conducted on a servo-hydraulic testing system at a constant displacement rate of 0.5 mm/s ( 11). The evaluation of failure load properties included a total of 10 independent femur specimens from (C57 BI/6) wild-type mice at 8 wk of age, 9 independent specimens from 8-wk-old Mov 13 mice, 7 independent femur specimens from wild-type mice at 15 wk of age, and 5 independent specimens from 1 5-wk-old Movl3 mice. Statistical significance was determined by the Behrens-Fisher t test to adjust for unequal variance.
Micro-computed tomography. Micro-computed tomography was used to quantify the average area, moments of inertia (bending and principal), and shape of a 2-3 mm mid-diaphyseal region of wild type and Mov 13 femur specimens. This tomography method generates high resolution (-. 20 ,um), three-dimensional images from a series of twodimensional x-ray projections ( 13, 14) . The scan section for each femur was consistently located using the distal aspect of the third trochanter as a bony landmark. Only the mid-diaphysis was scanned because a preliminary study indicated that whole bone specimens consistently failed in this region under our four-point bending conditions (Jepsen, K. J., unpublished data). Since the bending tests were conducted in an anterior to posterior direction, tomographic specimens were oriented so the anterior surface faced the scanning source, making it possible to align the reconstruction axes and thus directly correlate mechanical and geometrical properties. Specimens were kept moist during the 20-min (average) scan period. Specimens were mounted so that the longitudinal axis of the diaphysis was parallel to the z-axis of the scan coordinate system. Since mouse femurs exhibit very little anterior or lateral curvature, the x-y planes of the tomographic images were reliable representations of mid-diaphyseal transverse sections.
The scan region was divided into 20-gm sections producing an average of 150 transverse sections for each femur. The images were thresholded to delineate each pixel as "bone" or "nonbone" in a manner as described (14) . Areal properties were calculated for each transverse section and then averaged over the entire scan region. This approach appropriately accounted for any variance in areal properties along the diaphysis, but assumed geometrical uniformity. In support of the latter, the standard deviations ofareal properties for each bone were at most 10% of the means. Finally, the cross-sectional shape was reconstructed by locating the endosteal and periosteal surfaces at 36 equiangle positions. To identify regions ofbone deposition and resorption, the reconstructed two-dimensional images were superimposed relative to a geometric centroid and to the anatomical axes of a specimen.
Geometrical properties representing the entire scan region from each femur specimen were averaged for cohorts of independent wildtype and Movl 3 specimens at 8 and 15 wk of age. These cohorts included all specimens taken to failure in four-point bending tests (the latter were scanned before mechanical testing) plus a small number of femur specimens whose mechanical properties were not tested. Thus, the evaluation included a total of 13 independent femur specimens from wild-type mice at 8 wk of age, 12 independent specimens from 8-wk-old Movl 3 mice, 7 independent femur specimens from wild-type mice at 15 wk of age, and 6 independent specimens from 1 5-wk-old Movl 3 mice. Statistical significance was determined by the BehrensFisher t test to adjust for unequal variance.
Northern blots. Poly (A') RNA was prepared from 15-wk wildtype and Movl 3 femur specimens using the FastTrack kit (InVitrogen Corp., San Diego, CA). Northern blotting was performed as described ( 15) . A 369-bp al (I) collagen cDNA probe, encoding a portion ofthe triple helical domain ( 16) , was generated by the PCR. A 500-bp avian cytoplasmic ,B-actin cDNA probe (17) was generated by the same method. Probes were radiolabeled by the random priming method as described ( 15 ) .
Determination oflacunar density. Left and right femur specimens from 8-wk wild type and Movl 3 mice were harvested immediately after death, cleaned ofsoft tissue, and fixed in 70% ethanol. A 6-7-mm region of the diaphysis from each specimen was prestained with osteochrome and embedded in methyl methacrylate. Serial transverse sections (120 ,um) were prepared using a low speed diamond saw (Isomet Corp., Springfield, VA). For backscattered scanning electron microscopy (SEM), each section was ground to 65 Mm, glued to plexiglas slides, polished using I Mm diamond dust, and carbon coated. As an estimate of cell number, the number of lacunae per unit volume was estimated using stereological principles. Four independent estimates of lacunar number were made (from the anterior, posterior, medial, and lateral quadrants) and then averaged. Lacunar density was calculated according to a previously established formula,
where, n is the number of lacunae per field of area, A; 2c is the out-ofplane length oflacunae; and t is the section thickness. Since the analysis The results of a companion study (12) indicated that the Mov 13 mutation causes a general alteration in the mechanical integrity ofcortical bone; i.e., relative to wild-type controls, the mutation was associated with a significant decrease in Young's modulus of elasticity, a measure of relative stiffness, as well as the post-yield deformation of whole bone specimens, a measure of relative plasticity or ductility (for both comparisons, P < 0.004). These results indicate that the Movl 3 mutation leads to a decrease in long bone collagen content that, in turn, alters the structural and material properties of skeletal tissue.
On the basis of these results we predicted that the bending load to failure ofMov 13 cortical bone, i.e., the amount ofload required to break long bone specimens, would also be significantly decreased relative to wild-type controls. However, failure load values for wild-type and Mov 13 femurs at 8 wk were not significantly different (Fig. 1) . At 15 wk, Movl 3 specimens actually showed a strong trend toward an increased failure load value relative to wild-type littermate controls (P < 0.09). Particularly striking was the fact that, relative to wild-type control values, the failure load properties of Mov 13 femur specimens was increasing at the same time that other properties, such as the modulus of elasticity and postyield deformation, were decreasing.
The failure load value oflong bone is strongly influenced by specimen geometry. We wondered, therefore, if the relative increase in the failure load value of 1 5-wk Movi 3 femur specimens could be explained by a change in the geometry of the bending test site. Micro-computed tomography was used to quantify a 2-3 mm region near the mid-diaphysis. We found that the shape of wild-type and Movl 3 specimens, as quantified by the ratio of principal moments of inertia (Iyy/lxx), did not change significantly at 8 and 15 wk (compare values for the ratio c principal moments ofinertia, Table II ). Representative mid-diaphyseal transverse sections from a computer reconstruction of the digital data are shown in Fig. 2 A. We found only small differences in the cortical area of wild-type and Movl 3 femur specimens at 8 wk (see also Table II) . At 15 wk, however, the cortical area ofMov 13 femur specimens was considerably increased relative to wild-type controls (P < 0.003). Schematic images of the sections shown in Fig. 2 A were prepared and superimposed in an effort to identify areas ofcortical bone deposition and resorption. As shown in Fig. 2 B, (Table III) .
The observed relationship between cross-sectional radius and the failure load of endochondral bone agrees with a large body of descriptive, experimental, and analytical work investigating the relationship between the shape and strength of objects such as long bone. We compared the predicted and observed failure load values for wild-type and Mov 13 specimens to estimate what portion of the age-related increase in Movl 3 whole bone bending load could be attributed solely to the increase in cross-sectional area. Failure load was predicted using a typical "strength of materials" approach (20), a = MclI where a is the bending strength of the cortical tissue, M is moment at failure from which the failure load can be derived, c is the distance from the periosteal surface to the geometric centroid (assuming failure in tension), and I is the bending moment of inertia. Since our goal was to determine the influence of the change in geometric properties independent of any change in material properties, we assumed that all specimens had the same tissue bending strength of 120 MPa. For the given age-related increase in Mov 13 cross-sectional area, we predicted a 33% increase in whole bone failure load. This result agreed quite well with the results shown in Fig. 2 and Tables II  and III We next sought to determine ifthe increase in Mov 13 collagen mRNA at 8 wk was associated with an increase in bone cell number, as seemed likely given the nature ofthe Mov 13 mutation. We ascertained cell number using stereological techniques and SEM of a group of wild-type and Movl 3 mid-diaphyseal specimens. As shown in Fig. 4 , we observed a significant increase (P < 0.0001 ) in the number of Movl3 bone cell lacunae per mm3. Thus, the increase in mRNA appears to result at least in part from a cellular proliferative process.
Finally, we sought to identify alterations in mineral content that may have accompanied the change in geometry (Fig. 5) . The amount of bone and mineral per unit volume and the mineral/matrix ratio remained essentially constant in 8-and 1 5-wk wild-type specimens. Consistent with the proposed effect of the Mov13 mutation, the amounts of mineral and of matrix per unit volume decreased significantly in the 8-wk specimens (Fig. 5, A and B) . As the cross-sectional geometry increased, however, both parameters increased to near wild-type levels. In contrast, the ratio of mineral to matrix remained constant in the 8-and 1 5-wk Mov 13 specimens (Fig. 5 C) .
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Discussion
Remarkable progress has been made in understanding the molecular basis of osteogenesis imperfecta. Presently, more than 100 mutations have been characterized at the sequence level. This effort has firmly established the association between dominantly inherited mutations in type I collagen genes and all clinical forms of osteogenesis imperfecta (4) . Both null and structural mutations have been reported, and null mutations in particular are linked to 01 type I. Despite this wealth of sequence information, the tissue pathogenesis of 01 is not well understood. A long-term goal of our Mov 13 studies is to determine how a heterozygous null a 1(I) collagen allele results in skeletal fragility. The principal advantages of a mouse model are that the mutation can be studied on a single genetic background and that the effect ofthe mutation can be evaluated using syngeneic littermates as controls. Our studies to date have shown that the Movi 3 mutation disrupts both the ductility and strength of long bones (as measured by a decrease in plastic deformation and a decrease in failure load, respectively). Consequently, skeletal tissues lose some oftheir toughness or durability as their collagen content decreases. It follows from these observations that the long bones of Mov 13 mice will "wear out" more quickly under repetitive loading conditions. We are testing this hypothesis by conducting fatigue tests on Movl 3 whole bone specimens and microspecimens. Why does the Mov 13 mutation have a dominant effect on bone mechanical integrity? Bone tissue consists of about a dozen proteins, which are assembled with precision in time and space to form a highly ordered extracellular matrix (21 ) . Type I collagen contributes to the load-bearing capacity ofthe skeleton by assembling into ordered fibrils that associate with plateshaped crystals of carbonate apatite and with other extracellular matrix molecules. As demonstrated previously in yeast (22) , the function of highly ordered, multimeric protein complexes can be disrupted by genetic alterations in the amount of one component molecule. We have hypothesized that the heterozygous Mov 13 mutation alters the relative amount oftype I collagen in bone extracellular matrix and thus, in a dominant manner, is able to alter properties such as the plastic deformation of whole bones ( 12) . This alteration in properties apparently predisposes bone tissue to fail as it is repetitively loaded.
This study describes a skeletal adaptation in Movl 3 mice that occurs without any experimental manipulation. The Northern and histomorphometric analyses demonstrated an 8% increase in the cross section of Mov 13 femurs that was mediated for the most part by periosteal bone cells. The adaptive response occurred over a 2-mo period, during which time a small number ofnewly proliferated osteogenic cells produced a small amount of new bone along periosteal surfaces. Previous studies have indicated that the geometric redistribution ofbone tissue is an important means of preserving bone strength and rigidity under conditions of decreasing bone quality (23) (24) (25) (26) . Moreover, age-related geometrical remodeling of the skeleton appears to be a characteristic of both trabecular (27, 28) and cortical bone (29) (30) (31) , and may be a feature of disease processes such as osteoporosis (32) . The results of this study extend these observations to heritable diseases associated with skeletal fragility such as osteogenesis imperfecta type I. To the best of our knowledge, this work is the first evidence that the geometry/strength paradigm is valid for osteogenesis imperfecta bone.
The natural history of OI type I is somewhat puzzling in that the fracture frequency of affected individuals often decreases dramatically at puberty while other aspects of phenotype (e.g., hearing loss) progressively worsen with age (33) . To explain the striking decrease in fracture frequency, some investigators have noted that bone mineral content normally increases at puberty, suggesting that the increase in mineral accounts for the decreased fracture rate (34 Figure 4 . Bone cell lacunar density. Scanning electron microscopy and the stereological analysis were performed as described under Methods.
Representative photographs taken from the medial quadrant ofthe femoral mid-diaphysis are shown. Specimen cracks are an artifact of specimen handling. Bar (2 mm), 100 um. pensity oflong bone to fracture is determined by several factors besides mineral content. These factors include the loading history as well as the structural, material, and fatigue properties of bone, which are determined by the quality and quantity of the matrix, the quality and quantity of the mineral, and interactions between these two tissue compartments as the bone is loaded. It is unlikely, therefore, that an increase in mineral content alone could completely explain the dramatic decrease in the fracture rate ofindividuals with OI type I. Given the large body of evidence, which indicates that biomineralization is a highly regulated process and that the mineral/matrix ratio is maintained as a constant in normal vertebrate bone (3), it also seems unlikely that the ratio of mineral to matrix in human bone actually changes significantly at puberty. Along this line, a disproportionate increase in mineral actually could have a deleterious effect on mechanical integrity by making bone tissue more brittle than normal; i.e., the relative increase in mineral content could be associated with a high apparent modulus value but a low value of fracture toughness due to the reduced capability of bone to stop crack propagation as the volume fraction of mineral increases (35) (36) (37) .
The Mov 13 adaptation suggests an alternative explanation for the decreased fracture frequency of individuals with OI at puberty. The explanation is based on the unique and often dramatic change in the structure of the skeleton that occurs at this time, i.e., the growth spurt. Bone growth involves a complex set ofprocesses that occur throughout the life ofan individual. This process begins during prenatal life and continues until, in the case of endochondral bone, the epiphysis closes and bone growth ceases. Previous studies have shown that the growth spurt alters the length as well as width of long bone (38) . Indeed, it can be argued that this must be the case based on established structure-function relationships. As long bones grow, they tend to lose compressive strength if they maintain the original proportion of shaft length to shaft cross-section (39) , an effect that becomes more pronounced as growth increases. Therefore, to maintain comparable strength, long bones normally become disproportionately thicker relative to length as they grow. These considerations lead us to suggest that as individuals with OI type I undergo the growth spurt at puberty, changes in the cross-sectional geometry of their long bones compensate the effect of their collagen gene mutation and, consequently, modify their 01 type I phenotype.
The Movl 3 adaptation suggests a general strategy to make weak bone stronger. The cellular target of this strategy is the osteoblast on the periosteal surface of bone. The goal is to induce these cells to synthesize, deposit, and mineralize new bone matrix, thereby increasing the cross-sectional radius. This strategy could be implemented by (a) increasing bone cell number but keeping the metabolic activity per cell a constant; (b) keeping bone cell number a constant but increasing the metabolic activity of each cell; or (c) both. The prediction is that small increases in cross-section will significantly increase the mechanical properties of bone. A principal goal of our future studies will be to identify anabolic agents that stimulate periosteal new bone formation. An alternative is to identify a gene or group of genes that, when overexpressed, achieve the same effect. The goal of these efforts is to decrease the fracture rate of individuals with heritable, and perhaps other, forms ofskeletal fragility.
